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Historical ship drifts and geostrophic surface currents obtained from hydrographic data are compared 
in the tropical Atlantic Ocean. The major components of the current system (North Equatorial Current, 
North Equatorial Countercurrent, South Equatorial Current) are clearly depicted by the two data sets. 
The main difference between the two fields is the weakness of the geostrophic currents except in the 
near-equatorial band, where on the contrary, they are much larger than the ship drifts. The amplitudes of 
the annual signals differ, but the phases are in rather good agreement. The uncertainty concerning the 
ship drift data, and the limitation of the geostrophic assumption, can explain a part of the differences 
encountered in this study. A much better comparison is obtained if we add to the geostrophic current u# 
an Ekman drift current u, computed from the climatological wind stress and a mean constant vertical 
viscosity value. Then the total velocity u = ug + u, corresponds very closely in phase and amplitude to 
the ship drift velocity, except at the equator. 
1.  INTRODUCTION 
A knowledge of the tropical ocean circulation is essential 
when considering climate problems. In tropical regions where 
heat storage is large, and in the vicinity of the equator where 
Coriolis acceleration vanishes, the transport of mass and heat 
intensifies at time scales of the order of months and years. The 
most striking and well known examples of correlation between 
climate events and ocean tropical circulation are found in the 
Pacific, especially during EI Niño events [Wyrtki, 1977, 19791. 
The oceanic circulation in tropical oceans consists of pre- 
dominantly zonal currents in the oceanic interior and intense 
boundary currents near the coasts. This circulation is caused 
by the stress exerted upon the ocean surface by the trade 
winds over the Atlantic and Pacific, and the monsoons over 
the Indian Ocean. The surface current systems in the tropical 
Atlantic and Pacific Oceans have been observed for a long 
time, but although their mean structure is rather well known, 
their seasonal variability is still poorly described. 
During 1982-1984 the French Programme Français Ocean 
Climat en Atlantique Equatorial (FOCAL) and U.S. Seasonal 
Response of the Equatorial Atlantic (SEQUAL) experiment 
carried out an intensive field program to investigate the sea- 
sonal response of the tropical Atlantic Ocean to the wind 
forcing. During these experiments, surface drifters [Rich- 
ardson, 1984; Reoerdin and McPhaden, 19861, moored current 
meters, and periodic current profiler measurements [Hisard 
and Hknin, 19841 were used to observe surface and subsurface 
currents. A general description of the average seasonal vari- 
ation of the circulation was needed to relate the limited 2-year 
measurements to climatology and, more generally, to compare 
with model results. However, the only earlier direct current 
measurements in the tropical Atlantic Ocean were too sparse 
and of too short duration to provide a basinwide view of the 
seasonal fluctuations of the surface current system [Hisard, 
1973; Bubnoo and Yegorikhin, 1977; Halpern, 19801. As an 
alternative, we explored two different methods to  get a large- 
scale representation of the surface circulation. The first uses 
the historical file of ship drift data. Richardson and McKee 
[1984], using these data to study the seasonal variation of the 
North Equatorial Countercurrent, concluded that the ship 
drift data give a clear and consistent picture of the surface 
current variations. The second method was to compute the 
geostrophic current from historical hydrographic data 
(conductivity-temperature-depth (CTD) profiles, Nansen 
bottle casts, mechanical bathythermographs (MBT), and ex- 
pendable bathythermographs (XBT)). The hydrographic data 
have already been used to study the thermal structure of the 
tropical Atlantic Ocean [Merle, 1983; Houghton, 19833, the 
North Equatorial Countercurrent variability [Garzoli and 
Katz,  19833, and the seasonal variability of the surface dy- 
namic topography [Merle and Arnault, 19851. 
The focus of the present paper is on the analysis of the 
mean seasonal cycle of the surface currents in the tropical 
Atlantic Ocean by using the ship drift data set and the geo- 
strophic/hydrographic data set. We will be particularly inter- 
ested in comparing the two estimates of the currents and dis- 
cussing whether the difference can be explained by Ekman 
drift. 
The data and their processing are described in section 2. A 
comparative description of the seasonal variation of the sur- 
face current is given in section 3. Discussions are presented in 
section 4, and a summary and conclusions are found in section 
5. 
2. DATA AND PROCESSING 
2.1. Ship Drgt 
The ship drift data set originates from the U.S. Naval 
Oceanographic Ofice and was generously provided to us by 
P. L. Richardson. It has been described by Richardson and 
McKee [1984] and consists of approximately 438,000 individ- 
ual observations within the region bounded by 2OoS-20"N, 
1OoE-7O0W, and the coasts of Africa and South America. 
Richardson and McKee E19841 discussed many possible 
random and systematic errors which affect ship drift measure- 
ments. Each individual velocity measurement is estimated to 
have a random error of approximately 20 cm s-l. Typical 
random errors of position, direction, and speed are +2 km, 
+lo, and 50.3.knot ( 5 1 5  cm s-I). 
Statistical analysis routines eliminated about 2% of the 
data as conspicuously erroneous. The resulting observations 
are not homogeneously distributed in space and time. Most 
ships followed standard sailing routes along which data den- 
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sity is higher than 500 observations per 2' x 4" quadrangle 
(see Figure 1 of Richardson and McKee [1984]). 
Most of the observations were collected between 1900 and 
1976, with a significant decrease at  the end of 1941. The data 
are very evenly distributed seasonally (see Figure 2 of Rich- 
ardson and k¡c*Kee [1984]), with a monthly average of about 
30,000 observations. 
In order to calculate and map the monthly mean velocity 
values between 16"S-20GN, 10E-70"W, and the coasts of 
Africa and South America, individual velocity values were 
grouped into 2" x 4" quadrangles. Monthly standard devi- 
ations of the currents from the ship drift data are given in 
Figure 1. The largest part of the basin has a deviation below 5 
cm s - l  for both the zonal and meridional components. The 
largest standard deviations occur near the Brazilian coast, 
where the coastal currents are very strong; along the African 
coast: and in the South Atlantic, where datti are scarce. 
2.2. Hydrographic Data 
The hydrographic data and their processing were described 
in a previous paper [Merle and Arnault, 19851. We derived the 
dynamic height from a depth profile of temperature using a 
salinity interpolation. The salinity was interpolated from a 
local T-S relation. This method has been used successfully by 
Einery [1975] in the Pacific Ocean. 
Two data sets were used: a temperature data set merging 
Nansen, MBT, and XBT data and a temperature-salinity- 
oxygen data set consisting of only the Nansen data. 
The Nansen, MBT, and XBT data set contains approxi- 
mately 140.000 temperature profiles between 16"S-3OUN, 
20°E-80"W, and the African and the South American coasts. 
Most of the profiles came from the National Oceanographic 
Data Center (NODC) data file, but additional bathythermo- 
graphs from the French Navy and CTD casts from the ocean- 
ographic vessel Capricorne were also included. The file in- 
cludes cruises from 1924 to 1978. The data distribution is 
irregular in time and space (see Figures 1 and 2 of Merle and 
Arnnttlt [1985]); nevertheless, for the purpose of the large- 
scale study presented here, a monthly mean with a 2" x 4" 
grid spacing has a sufficient number of observations in each 
box (over 30) to reduce the confidence interval of the mean to 
the order of 0.1"C. The monthly temperature was calculated at 
each standard level. 
The Nansen temperature-salinity data set contains about 
28.000 T-S profiles (see Figures 2 and 3 of Merle and Arizaiilt 
[1985]). The 2" x 4" grid spacing provided an annual mean 
T-S relation in each rectangle. We have not included the sea- 
sonal variability of the T-S relation. Thus in a given square 
and for a given month, the total error in the computation of 
the surface dynamic height relative to 500 dbar is the sum of 
the error which derives from the error in the mean temper- 
ature for each standard level and the error due to the neglect 
of the T-S seasonal variation. We finally concluded, after 
doing an error computation for a given region. that the total 
error of surface dynamic height relative to 500 dbar is close to 
& 1 dyn cm [see Merle aiid Arizault, 19851. 
Surface geostrophic velocities were then computed as- 
suming the 500-dbar surface to be a level of no baroclinic 
motion. To compute these geostrophic currents, we used a 
numerical approximation of the derivative terms ¿?//ax and 
?/?y given by the finite difference scheme 
D(i + 1) - D(i - 1) 
281 
D'(i) = 
where D'(i) is the derivative term on grid point i ,  D(i + l), 
D(i  - 1 )  are the dynamic height on grid points i 4- 1 and i - 1, 
and Al is the meridional or latitudinal distance between grid 
points i + 1 and i - 1. To estimate how the finite differ- 
entiation may reduce the real zonal geostrophic current, we 
will consider a sinusoidal geostrophic surface, D(y) = 41.) cos 
[(h/i)y],  where 1. is the meridional wavelength. We have 
D'(y] = -(2x/t/n) D@) sin [(27r/%)y]. In the numerical scheme, 
D'(y) was estimated by 
D ( y  -k A))) - D(.v - Ay) 
2Ay Dnu,,,'W = 
Thus 
Maps of mean annual surface dynamic heights [Merle aiid 
Arnault, 19851 show a succession of zonal ridges and lows 
separated by about 8' or 9- of latitude. So let us take 1 = 17" 
of latitude, Ay is 2" of latitude, which leads to a ratio of 0.91. 
Because of the choice of 2" x 4" boxes, the error in the 
dynamic height results in an anisotropic error in the geo- 
strophic current which is for the zonal component as large as 
18 cm s-l at 1" from the equator, but only 3.5 cm s - l  at 5" of 
latitude and 1 cm s-l  at 15' of latitude; errors for the meridi- 
onal component are 9, 1.8, and 0.5 cm s-l at the same lati- 
tudes. We do not attempt to  estimate geostrophic currents 
within 1" of the equator because of the large uncertainty. 
3. RESULTS 
3.1. Anizual Mean Surface Currents in  the 
Tropical Atlarztie Ocruiz 
The annual mean of the surface current obtained with the 
ship drift data is shown in Figure 2a. The major components 
of the tropical Atlantic surface current system are clearly iden- 
tified. North of 1 0 "  lies the westward flowing North Equa- 
torial Current (NEC) with an average speed of more than 10 
cm s - l .  Between 10"N and 4"N-6" the North Equatorial 
Countercurrent (NECC) flows to the east against the trade 
winds, with an average speed of 15 cm s - l  increasing to 30 cm 
s - l  in the Guinea Current flowing south of the African coast. 
South of 4"N-6"N, the South Equatorial Current [SEC) flow- 
ing toward the west is intense and appears as the major com- 
ponent of the mean circulation, with speeds larger than 30 cm 
s - l .  West of 1O"W, the SEC is divergent at the equator, and it 
divides into two separate jets. Neunzaizit [ 19681 and Richardsoiz 
and McKee Cl9841 noticed two maxima located at 2"N and 
4"s. Near the American coast, the SEC intensifies and paral- 
lels the coast, dividing into northward and southward 
branches. Most of the flow runs northward along the coasts of 
Brazil, French Guiana, Surinam, Guyana, and Venezuela as 
the North Brazil and Guyana currents. with average speeds as 
high as 50 cm s-'. The southward branch is weaker and 
clearly defined only south of 10"s. It is the starting point of 
the Brazil Current. There is no evidence of an eastward flow in 
the southern Atlantic similar to the NECC in the north, as 
was already noticed by Richardson and McKee [1984], at vari- 
ance to previous studies [Schumacher, 1940, 1943; Metcalf et 
al., 1962; Molinari, 19821. This could be due either to windage 
effects on ship drift or to Ekman flow. 

-- s, 
P : o  I I  
,014 
O 
I"' 
I '  L 
8 2011
1 O N  
O 
I O L  
IR:, R 
:a I I  
1 o I4 
O 
i n s  
I65 h 
8 " O N  
I O N  
" 
10s 
1F 5 
8 
20  H 
1 o R 
O 
l o ?  
I C 5  8 
a 
L O H  
i 0 N  
O 
165 
EOW L O  o l " E  
I o :I 
o 
I O .  
I t  
. o I, 
II II 
o 
I O ' .  
I'' 
€'ti d'ti Z O ' W  0 ZO'E 
u NO DATA m 2 . 5 ~  55 E 3  5 ' 67.5 m 7 . 5 ,  $10 
Fig. 1. Monthly standard deviations of ship drifts (in centimeters per second). 
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Fig. 2. hlean annual surface ship drift currents and (h) geostrophic currenth (in centimeters pcr second). 
The general pattern of the mean annual geostrophic current 
(Figure 3) is rather different. In the upper part of the map. 
from 18 N to 30". the flow is eastward with uniform speed of 
less than 10 cm s - ' .  South of 18" the westward flowing NEC 
is clearly depicted west of 50'W. East of this longitude the 
current is primarily southward. The speeds are again less than 
10 cm s-'. South of IO'N, the eastward NECC attains its 
maximum value (approximately 10 cm s-'l at 6"N-8'N. In 
the Gulf of Guinea the eastward current disappears east of 
T E .  South of 4'N the geostrophic circulation is rather com- 
plex. North of the equator the flow is westward (SEC). Very 
close to the equator (l'"N), the speed reaches more than 60 cm 
s - ' ,  and the western part of the basin has a strong southward 
geostrophic flow. South of the equator and west of 24"W the 
flow is still westward but with a strong northward component 
close to the equator. However. the eastern part of the south 
tropical Atlantic Ocean is. as a whole. covered by an eastward 
circulation of about 10 cm s - '  in the mean. but again larger in 
the vicinity of the equator. This South Equatorial Counter- 
current (SECC) has been observed in the past [Srhitnioclicr. 
1940. 1943: AIcrculf et d., 1962: Molinnri, 19821 and more 
recently during the FOCAL/SEQUAL experiment. 
Thus the two sets of annual mean surface currents are dif- 
ferent. The main difference is the weakness of the geostrophic 
current. except in the near-equatorial band where i t  is much 
larger than the ship drifts. The meridional component of the 
ship drift and geostrophic NEC are in opposite directions. The 
large spatial estent of the geostrophic NECC contrasts with 
the ship drifts. except in the Guinea Current. The two pictures 
cle;irlp disagree in the SEC. There is an eastward geostrophic 
Row south of the equator (SECC) but no eastward flow in the 
ship drift data. Finally. none of the coastal currents (North 
Brazil. Guyana, or Guinea currents) are correctly simulated in 
magnitude by the geostrophic computation. 
3.2. Scasonal Viiriahility qf rhc Siirfucc 
Ciirrenrs in the Tropiciil Atlantic O c w n  
The major currents of the tropical Atlantic Ocean (NEC, 
NECC. and SEC) are roughly zonal. Thus to study their sea- 
sonal variation. we computed meridional averages for appro- 
priate zones. We considered four meridional zones : (1) 12"- 
18'-N. ( 2 )  4"N-8'N, (3) l-'N-2-'N, and (4) 2'S-8'S. A north- 
south section of annual average zonal velocity in the central 
Atlantic shows that the NEC extends over box 1, the NECC 
extends over box 2. the northern SEC extends over box 3, and 
the southern SEC extends over box 4. Monthly sections still 
indicate the appropriateness of these latitudinal boundaries 
for the NEC. the SEC. and the core of the NECC despite its 
seasonal migration, so we will refer hereinafter to these meridi- 
onal averages by the name of the main current usually present 
in the zone. Flows in certain coastal regions are also con- 
sidered. 
NEC.  Figures 3a and 3b present the month-longitude 
variation of the average zonal current in the NEC region for 
ship drift data and geostrophic currents. Both representations 
of the current intensify and do not exhibit a strong seasonal 
cycle along the American coast. In the center of the basin they 
vary in phase. They are most westwrd in boreal summer-fall 
nnd are less so in spring. hut with a large diff'erencc in mag- 
nitude: the ship drift current is sometimes greater than 15 cm 
s- '  compared to 4 cm s - '  for the geostrophic NEC. In the 
~ 1 s t  the ship drifts present eastward Row in July-August and 
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Fig. 3. (a) Longitude-time diagram of the zonal component of the ship drifts in the North Equatorial Current region 
averaged between 12" and 18'" (in centimeters per second). Hatched areas denote westward current. (b) Same as Figure 
3a for the geostrophic current. 
strong NEC in May-June and November-December, whereas 
the geostrophic westward NEC is only defined from July to  
November-December with a maximum westward flow during 
boreal summer. 
NECC. The ship drift data (Figure 4a) show an almost 
permanent and strong North Brazil Current flowing to the 
west from 50"W to the South American coast. It reaches a 
maximum speed of 70 cm s-l from March to May. This cur- 
rent does not appear in the geostrophic computation (Figure 
4h). Between 2O'W and 48"W, the eastward NECC peaks in 
summer-fall at 20 cm s-'  for the geostrophic current and at 
30 cm s-l for the ship drift current. Maximum velocity at a 
given longitude occurs later as one moves west in both repre- 
sentations, but this peak in the geostrophic plot "propagates" 
westward faster (70 cm s- '  relative to 50 cm s- '  from ship 
drifts). From January to June the ship drifts change direction, 
whereas the geostrophic current reverses only slightly in 
April-May and then only in the west. This reversal has been 
observed with different data sets and with different amplitudes 
56-W 52' 48' 44' 40' 36' 32' 28' 24' ZOO 16OW 
H t C C  
[Richardson und McKee, 1984; Garzoli and Katz ,  19831. East 
of 2WW, there are two maxima of eastward flow (August to  
October and January to February) in the geostrophic signal 
which are not evidenced by the ship drift current's single max- 
imum in July. 
In the ship drift data (Figure 5 4 ,  there is 
again a strong North Brazil Current peaking between 44"W 
and 48"W in July and August. In contrast, the geostrophic 
current (Figure 5b) is eastward in the western part of the basin 
from February to June. In the central part of the basin, the 
currents fluctuate almost in phase. The ship drifts indicate 
strong northern SEC in June-July (more than 50 cm s - ' )  and 
December (40 cm s-'); the geostrophic SEC reaches 90 cm 
s W 1  in June-July and 40 cm s-' in November-December. 
Thus the geostrophic current is stronger than the ship drift 
current. The velocity contours also suggest the presence of a 
westward phase propagation with a speed of rr 1 m s-'. In the 
east, both representations of the current fluctuate with a semi- 
annual period, with maximum westward flow in May-June (50 
Northern SEC. 
52"W 48* 44' 40. 36' 32' 28. 24' Z O O  16-W 
.7ws 
H E j C  
Fig. 4. (a) Longitude-time diagram of the zonal component of the ship drifts in the North Equatorial Countercurrent 
region averaged between 4" and 8" (in centimeters per second). Hatched areas denote westward current. (b) Same as 
Figure 4a for the geostrophic current. 
( N i  S E C  
a 
( N I  SEC 
Fig. 5. (o )  Longitude-time diagram of the zonal component of the ship drifts in the northern South Equatorial Current 
region averaged between 1"N and 2"N (in centimeters per second). Hatched areas denote westward current. (h) Same as 
Figure 50 for the geostrophic current. 
cm s - ' )  and November-December (20 cm s-'1 for the ship 
drifts and in June (120 cm s- ')  and December (50 cm s-I)  for 
the geostrophic current. 
In this region. ship drifts present a per- 
manent westward southern SEC (Figure 6a),  whereas the geo- 
strophic current (Figure hh) shows an eastward flow in the 
Gulf of Guinea most of the time. In the west the ship drift 
coastal current peaks during the early boreal summer ( = 60 
cm s-'). Between 28'W and 36 W, the geostrophic current 
reaches more than 10 cm s - '  in spring and summer. In the 
central part of the basin the currents have smaller month to 
month fluctuations than the northern SEC and appear to be 
dominated by an annual period. with a maximum westward 
Roa in June-July of 30 cm for the ship drifts and 10 cm 
s - '  for the geostrophic current. In the east the westsard ship 
drift current peahs in May-June and November. Thc eastward 
geoctrophic current reaches maximum \ahes  in February- 
hlarch and September-Octoher. This eastward circulation 
seems to be consistent with various observations in the same 
region [Reid,  19641. but drift huops indicate a dominant west- 
Southern SEC. 
44OW 40' 36' 32- 28- 24* 20" IE" 12- 8. 4 " W  0' 4OE 0. 
ward current in this area [Afolincwi, 1982: Rereidin mil Arc- 
Phuticn. 19861. 
C'oasta/ hotriidary ciuwnrs. The ship drift maps present 
strong coastal currents near the continental boundaries dong 
the American and African coasts which the geostrophic maps 
do not reproduce. 
In thc ship drift data. the zonal Guinea Current is well 
developed between TN and the mast north of the Gulf of 
Guinea (Figure 7). It forms the continuation of the NECC in 
the Gulf of Guinea. It can be followed up  to 8'E in agreement 
with earlier observations [Lemassoii and Rebwt. 19733. A 
strong maximum (60 cm s - ' )  appears between 4'E and SAW 
in July-August. A secondary maximum is also observed in 
Fehruary (40 cm s .  '1. 
The North Brazil Current and the Guyana Current (10;N, 
58'W to 6's. 31'W) are strong with a large meridional com- 
ponent. The seasonal vnriation of the speed of these currents 
(Figure 8) has a large maximum from July to October in the 
middle of the section ( 1  m s -  '1. o f  the mouth of the Amazon 
river. Off Recife-Natal the maximum (50-60 cm s - l )  is oh- 
36"W 32' 28* 24' 20. 16* 12' 8" 4-W 0' 4.E 8' 
I S 1  S E C  
a 
Fig. h. ( < I )  Longitude-time diagram of the zonal component of the ship drifts in the southern South Equatorial Current 
region averaged hetween Z S and 8 S (in centimeters per secondi. Hatched areas denote westward current. ( b )  Same as 
Figure fici for the geostrnphic current. 
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G U I N E A  C U R R E N T  
Fig. 7. Longitude-time diagram of the zonal component of the 
ship drifts in the Guinea Current region averaged between 2"N and 
6"N (in centimeters per second). Hatched areas denote westward cur- 
rent. 
served in late boreal spring (May-June). Off French Guiana 
the maximum speed (50 cm s-l) is reached in early spring 
(April). 
4. DISCUSSION 
This first extensive comparison of the seasonal variation of 
the geostrophic and ship drift currents reveals large differences 
in the magnitude of the currents and in the amplitude of their 
seasonal variations. Nevertheless, the phases are in good 
agreement. These differences and similarities need to be dis- 
cussed if we want to understand the actual surface currents. 
We will first consider the source of uncertainty concerning 
the ship drift data and then discuss the limitation of the geo- 
strophic assumption. 
As was mentioned earlier and as was explained by Rich- 
B R A Z I L  a n d  G U Y A N A  C U R R E N T S  
Fig. S. Seasonal evolution of the ship drift magnitude in the 
North Brazil and Guyana current region along the American coast 
between 6'S, 32"W and 10"N, 58"W (in centimeters per second). 
ardsniz and M c K e e  [1984], a ship drift measurement of surface 
current velocity is the difference between the velocity of the 
ship determined from two position fixes and an estimate of the 
average velocity of the ship through the water during time 
intervals of usually 6, 12, or 24 hours. Each measurement is an 
average over the depth of the ship's hull and along the ship's 
path between fixes. Thus only large-scale features greater than 
a few hundred kilometers can be seen. This could explain the 
differences observed between ship drift currents and current 
meter data, for example. In addition, the averaging used for 
this study could explain the absence of the eddy structures 
near the American coast which were observed during the 
FOCALjSEQUAL experiment [Bruce aiid Kerling, 19841. An- 
other source of difficulty in interpreting the ship drift currents 
is due to the ship's hull. Profiles of zonal currents presented by 
Halperiz [1980] in the Atlantic NECC showed a shear of 
about 10 cm s-l in the first 30 m, and even larger shears may 
occur. Thus ship drift data will differ from the actual surface 
current. 
Riclzardsori and M c K e e  [1984] suggested that windage ef- 
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Fig. I 1. Comparison of the annual cycle of the zonal component 
of the current in the North Equatorial Current region averaged in the 
region 12 N-18-N. 4OW-72.W obtained hy ship drift data (I$, solid 
line), hy geostrophy ( i t$ , .  dashed line), hy Ekman drift (it',, dashed line), 
and hy summing the Ekman and geostrophic component ( u ,  + II,, 
solid line). Values are in centimeters per second. Vertical lines indicate 
error hars. 
rents. we have computed average zonal velocitics. for the ship 
drifts I I ,%.  the geostrophic current l i y .  and the Ekman current U ,  
in four boxes: ( 1 )  NEC (12.N-18". 4O'W-7?'W). (2) NECC 
(4-N-8 'N. lh'W-48 W). (3) northern SEC (l'N-?N, 0:- 
40-W). and (4) southern SEC (2-'S-8'% 36' W-8'E). These 
boxes do not include coastal currents. since as we remarked 
earlier. finite difference scheme and initial averaging account 
for a large part of the differences between geostrophic and 
ship drift coastal currents. 
The directly wind-driven ageostrophic component 
of the NEC (Figure 11) follows the seasonal cycle of the wind 
stress with a bimodal signal: it is least in March-April and in 
September-October (10 cm s-'). and greatest in June-July 
and January-February (15 cm s-'). The range of the annual 
Ekman signal is greater than that of the ship drift or the 
geostrophic signal. When added to the geostrophic compo- 
nent. there is a remarkable quantitative and in-phase agree- 
ment between this sum and the ship drift current during the 
first 6 months of the pear (January-July). The sum results in a 
second extremum (a minimum in speed) in October larger 
than the one observed in the ship drift data. The difference, 
however, falls within the error bars. 
The mean Ekman flow in this region (Figure 12) is 
westward during the 8 months of the year from November to 
June. This west\$ ard current peaks in January-February 
(more than 20 cm s-'). The Ekman flow in the NECC is a 
NEC. 
NECC. 
maximum in August (2.10 cm s- ' ) .  The main disagreement 
betbteen the ship drifts and the geostrophic current in this 
region is the reversal in the west of the usual eastward current, 
but owing to the large westward Ekman flow. the sum of the 
geostrophic and the Ehman components now almost perfectly 
reproduces the annual cycle of the zonal ship drift current. 
Northcm SEC. As we remarhed earlier for the geostrophic 
assumption, we expect poorer agreement in this band due to 
the proximity of the equator where the Coriolis parameter 
Lanishes. We note (Figure 131 that the problems concerning 
the magnitude of the currents and the annual amplitude 
remain &hen the Ekman component is added, but that differ- 
ences are now reduced. 
Soirrhem SEC. The mean \alue of the Ekman flow in the 
SEC (Fig. 14) is nov~ close to íhe ship drift current ( 2 2 0  cm 
s - ' ) .  It i s  a maximum in July-August (more than 20 cm s-'), 
but it is difficult to see a secondary maximum in October- 
November. The amplitude of the annual signal for li,, + I I ,  is 
stronger than for the ship drift current I I ,  because of the sum's 
large \alue in August. During the rest of the pear. the currents 
are in rather good agreement. 
We must heep in mind that the Ekman drift computation 
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Fig. 10. Mean annual Ekman surface current (in centimeters per second). 
fects on the ships could lead to systematic errors in surface 
velocity. It is difficult to assess the leeway effect on the histori- 
cal ship drift data set because leeway depends heavily on the 
particular ship's design, its speed, and its course relative to the 
wind. We can only reasonably think that this tends to cause 
overestimation of the SEC speed and absence of SECC. 
All these sources of uncertainty can explain part of the 
difference encountered between ship drift data and direct cur- 
rent measurements such as those obtained by profilers. Com- 
paring the ship drift current with direct current observations 
could be very instructive wherever it is possible, as is the case 
in the Gulf of Guinea around the equator between o' and S W  
(Figure 9). We first observe that the amplitude of the annual 
signal is larger than the monthly error bars and is therefore 
significant. Second, we can see that this signal is in agreement 
with those given by direct measurements. 
The limitations of the geostrophic assumption are numer- 
ous. As we explained earlier, the numerical scheme chosen to 
calculate the geostrophic current reduces the signal by about 
10%. This can explain a small part of the smaller amplitude of 
annual signal in the geostrophic estimate compared with the 
ship drift current. 
Independent of this numerical problem, the initial averaging 
by 2" x 4" quadrangles certainly explains why narrow coastal 
currents such as the North Brazil or Guinea Currents are not 
resolved by the geostrophic computation. 
Another assumption made for geostrophic current compu- 
tations is the level of no motion. We have chosen 500 dbar as 
our reference surface and therefore assumed that 500 dbar is a 
level of no motion. Defant Cl9411 also suggested this level for 
geostrophic computation in the western Atlantic between 
15"N and 5"s. Wjrtki Cl9741 found it adequate for compu- 
tations in the tropical regions. Direct current measurements at 
this depth to verify this assumption are rare. Weisberg et al. 
Cl9791 reported two measurements at SOO m from the equator 
and 26"W and 28"W during the GARP Atlantic Tropical Ex- 
periment (GATE) in 1974. The zonal/meridional component 
averages for 48 and 40 days, respectively, were 0.1/8.5 and 
0.3/-2.8 cm s-'. So our assumption, for a large-scale varia- 
bility study of surface current such as the one presented here, 
may be better for the zonal than for the meridional current. 
In fact, none of the limitations of the ship drift data, nor of 
the geostrophic computation, can explain the major differ- 
ences noticed between these two representations of the cur- 
rent. Some of them contribute a part to the disagreement, but 
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in order to explain all of the differences, we have to take into 
account other physical processes. 
A scaling in the horizontal momentum equations (see, for 
example, Pond und Pickard [1978]) shows that if we decom- 
pose u as the sum of a geostrophic component ug plus an 
Ekman component u, plus a residual term u,., the residual 
term is only important for the currents very close to the equa- 
tor, such as the northern SEC. 
We noticed earlier that the ship drift data give a rather 
consistent portrayal of the tropical Atlantic surface circulation 
(Figure 9). We now investigate if the differences encountered 
between ship drifts and geostrophic currents are due to  
Ekman drift. 
We computed this Ekman drift as suggested by Halpern's 
Cl9791 observations in the Pacific NECC. The wind stresses 
were obtained from the Hellerrnan and Rosensteiii [ 19831 file. 
They consist of climatological monthly means of wind stresses 
by 2" x 2" square. We take the water density to be lo3 kg 
m-3 and the vertical viscosity A, to be equal to lo-' m2 s-'. 
Values for A, in the ocean vary from lov5  to lo-' m2 s-' 
[Pond und Picknrd, 19781. Measurements show that these pa- 
rameters vary considerably in the tropical ocean. They usually 
have large values in the mixed surface layer but have very 
small values below the thermocline [Pacanowski and Pliilun- 
der, 1981; Gregg et al., 19851. Crawjbrd and Osborn [1979a, b] 
suggested that in the Atlantic 13°C thermostad, A,  varies from 
2 to 11 x lov4 m2 s-l, At the core of the undercurrent, the 
value is of the order of m2 s-', and above the core it 
varies from 8 to 100 x m2 s-'. Jones Cl9731 and Gregg 
Cl9761 reached the same conclusion in the Pacific Ocean. In 
the equatorial Pacific again, Bryden and Brady [198S], using 
North Pacific Experiment (NORPAX) and Equatorial Pacific 
Ocean Climate Studies (EPOCS) data found a value of 1.66 
x lob3 m2 s-l at 150"W. Halpern [1980] found A, from 3 to 
10 x m' s-l in the mixed layer near SON, 23"W. Thus 
our choice belongs to this range of values, being at the higher 
end. Here again we stopped our computations at  1" from the 
equator. 
The annual mean of the Ekman drift (Figure 10) is generally 
westward except in the Gulf of Guinea along the northern 
African coast, where the eastward NECC and Guinea Current 
are distinguishable. Along the equator, the Ekman flow is 
strongly divergent in the west. 
To determine whether the Ekman drift can explain the dif- 
ferences encountered between ship drifts and geostrophic cur- 
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depends on the vertical exchange coefficient. It appears as an 
inverse square root in the computation of the zonal compo- 
nent. We chose A , =  10-2 mz s- '  as a mean value. The 
Ekman current'$ direction and its seasonal variability are not 
dependent on this choice, hut its mean value is affected. As we 
have seen earlier, the vertical exchange coefficient may range 
from lo-' to IO-' m2 s- '  [Pond und Pickard, 19781 for the 
global ocean, but values for the tropical mixed layer surface 
are between and IO-' m2 s-' [Halpern, 1980; Cruivford 
(7iid Oshoriz, 1979~:  Joues. 1973; Greg(7, 19761. The values of 
Ekman zonal velocity corresponding to mz s-' will 
change our computation b j  a factor of 3. What is noteworthy 
here is that a rough choice of the mean value (lo-' m2 s- ' )  
for 4, gives a good result. It seems likely that the real surface 
current of the central tropical Atlantic Ocean is principally the 
sum of a geostrophic and an Ekman component and that the 
ship drift current correctly represents this sum except for a 
band very close to the equator (TN-23). 
5.  S U h N A R \  .4ND CONCLUSIONS 
The purpose of this study ia to describe the seasonal varia- 
bility of the tropical Atlantic surface currents using two differ- 
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ent data sets: ship drifts and geostrophic currents obtained 
from hydrographic data. 
Ship drifts give a rather clear and consistent picture of the 
surface circulation in the tropical Atlantic Ocean. In the open 
ocean. three main currents are present. The westward North 
Equatorial Current, hetween 12" and 18'N, peaks (15 cm 
s - ' )  in boreal summer and weakens (10-12 cm s - ' )  in spring 
and fall. The eastxard North Equatorial Countercurrent, be- 
tween 4" and K N ,  strengthens (20 cm se')  in boreal summer 
and reduces in spring. Most of the western part of the current 
reverses during the first months of the year. The westward 
South Equatorial Current has its northern branch (l'N-2'N) 
greatest (more than 40 cm s - ' )  in early boreal summer and 
November (30 cm s-'). rind least in spring and early fall 
(15-20 cm s- '1. Its southern branch (2'S-S'-S) is also strongest 
two times ;t year. in early boreal summer (2.5 cm se ' )  and in 
Decembor (less than 20 cm s- ' ) .  Its diminution occurs in 
autumn (15 cm s-'). 
Two coastal currents are clearly seen. The Guinea Current, 
\vhich is a continuation of the North Equatorial Counter- 
current in the Gulf of Guinea. peaks in boreal summer (60 cm 
s -  1 and weakens in spring and late fall. The North Brazil and 
Guyana currents. which flow along the northern Brazilian 
coast. have a maximum intensity in borenl spring at their 
southernmost part. in summer and fall for their central part. 
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and in spring again for their northernmost part. Despite the 
problems associated with the interpretation of ship drift data 
(wind effect and averages over ship's hull and ship's path), this 
representation of the surface current system in the tropical 
Atlantic Ocean is in agreement with direct measurements ob- 
tained during different cruises. The seasonal variability is also 
reproduced well. 
The geostrophic currents confirm these mean structures and 
their seasonal variability, except for the coastal currents (pre- 
sumably because of the averaging and finite difference scheme 
used in the computations). There are, however, important dis- 
agreements in magnitude with the ship drift currents. The geo- 
strophic current is generally too weak and has a seasonal 
range too small, compared with the ship drift data. Close to 
the equator, on the other hand, the effect of the geostrophic 
assumption could explain the large geostrophic current com- 
pared with the ship drift current, particularly in the northern 
South Equatorial Current. Other differences can be due to the 
errors inherent in both data sets. This is especially true of the 
geostrophic current, where the assumption of the level of no 
motion can introduce an error in the computation of the 
North Equatorial Current and North Equatorial Counter- 
current. Also of concern is the spatial discretization, which can 
affect the amplitude of the geostrophic annual signal by re- 
ducing the estimated current. 
A much better comparison is found when we add to the 
geostrophic current an Ekman drift current computed using a 
climatological wind stress [Hellerman aiid Rosenstein, 1 Y 831 
and a mean vertical viscosity. Then the velocity u = ug + u, is 
very close to the ship drift off the equator. 
Thus for a large-scale study of the tropical Atlantic surface 
current, ship drift data, wind measurements, and hydrological 
data provide a reasonably complete and consistent picture of 
the surface circulation and its seasonal variability. We expect 
further progress when more precise and detailed data sets are 
available after the processing of the FOCAL/SEQUAL data 
set for the years 1982-1984. 
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